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99REQ67 Express Mail No. EJ490765535US 

TITLE, SYSTEM AND METHOD FOR OPTICAL VIBRATION SENSING 

Fi^ld nf the Invention 

. ... ™™ik, elates to a. svstem and method for obtaining 
me present iiivtnuun 5^»v^"; - 

vibration date from vibrating structures for diagnosis and failure analysis. In particular, 
the present invention employs an optical sensing system to acquire vibration data to 
diagnose the state of a structure subject to vibrational forces. 

RQ^ ornimd of the Invention 

Vibrating structures, including electric machines such as motors and generators, 
are widelv employed in industrial and commercial facilities. These machines are relied 
upon to operate with minimal attention and provide for long, reliable operation Many 
facilities operate several hundreds or even thousands of such machines concurrently, 
many of which are tntegrated into a large interdependent process or system. Like most 
machinery, a. leas, a small percentage of such are prone to failure The majority of such 
failures can be at.nbuted to either mechanical failures and/or thermal failures of the 
machine insulation. 

Other than normal aging, failures are typically due to: poor or no maintenance, 
improper application (e.g., wrong enclosure, excesstve loading, etc.); and improper 
installation (**, misalignment, bad power, inverter mismatch, etc ) Even with normal 
aging failures, it is desirable to provide low cost failure prediction information for such 

Depending on the application, the failure of a machine in service can possioiy ieaa 
to svstem or process down time, inconvenience, and possibly even a hazardous situation. 
Thus, it desirable to diagnose the machinery for possible failure or faults early in order to 

avoid such problems. 

Vibration analysis is an established technique for determining the health of 
mechanical components in rotating mach,„e,y such as motors. To obtain vibration data 
from machine,? and other structures, accelerometers as well as associated sampling and 
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^^^^^^^^^ 

. ^ m Edition ,o or instead of acce.erometers .0 detente 

employ piuAiinn> 

^llstructur^^ 

vibration in the machine. 

location sensing typically are necessary to 

Thus , 1 „n 1 an y case, m .t 1 plcsensors and detectors are quired to be locatedonthe 

^^^^^^^^^^ 

^vbeneededbecausethesensmgelementsthemselvescanfatl. 

' T.eacce.rorneterstyptcanyernptoyedut.U.eantovtngntasswh.chtscoup.ed 

severalmorewtresmustalsoberoutedtothesensortoprovidepowertothe 

and represem a yv^v^ • 

which may influence the sensor readings. 

Conserttheretsastrongneedintheartforasystemand/ornrethodfor 

pr ovides for high notse immunity, prov.des for lower mamtenance, and prov.des for 

lower costs. 
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. , ^ for a system and method for acquiring vibration 

The Dreseni liivcmiv" - , , nfl . 

^J^^^^^ Mt ri 

nents A , soi ,ha S beenfoundthatwavegu 1 det e c m o 1U gy,...H."r.. 0 

^^^^^^^^ 

c=:z:i— ----- 

^uneinharsheiectnoaUynoisyenv— , and , hey are conduce for use ,„ 

alone a desired axis. 
The present mveimun «... 

, ♦ • „ the state (e £ health) of the machines or structures. Other stru 
-3- 
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By employ HgKt .oduUUng systems ,n a structure, o r by e^oying separat.on 

Byemptoyrng * „, , v rrartiW onioning a precision sensor, or by 

distances using waveguiae reuu^ -• 

— it— — - 

rirta^nonb^ontg, 

inmcessin" system operahvely coupied u, i.....^. 

the machine. A processus sys ^ ^ ^ Mexmimm vibration of 

processdatareceivcdfromthelightrecervmgsysreu, u, » - - 

h.treceivmgsystemforreeeivmgatleaataportionofthebeamofhght.Thesysten 
light receiving ^ , th beam received by 

: ^I — d^vihrattononhemachine^esecondhghtm— g 
" . . _..„,..„ (1 „, io b t rece,vin R system P rocesses«hedatarece 1 vedfromthe 

light receiving system to tacmune . - 

Anotheraspectof.hcpresentinvenUonrelatestoasystemforsn.B 

recetvingsyst— ^ 

waveguide such that evanescent coupling occurs 
-4- 
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r a* hwm of light to the receiving 

system. The intensity oi uu. a, 

the vibration of the machine. 

^Hetanoteaspecofthepresen, — t ela«es ,o a sys.en, forsen-g 

, . j >u^A Koht QfinrceS lor uilcuui 6 

ataleastportionofthebeamsoflightiafirstwavegu.defonransmm.ng 

vibration of the machine; and a fourth waveguiu. U ..- B - • 

waveguides, respectively, .ftuphpamsoflighttothe 

facilitate determtning vibration of the machmc. 
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. ^^^.flbhtimeansformodulanngtheHghtbeam 
receivingat^^^ 

recewedbythemeansforreceivmg-a, ofacllitate 

• tVi P Hata received from the means for receiving 
and means for processing the data receive 

, . «;winn of the machine. . 

aeieiiuiimi& t inr sen sniK 

Yet another aspect of the present inventton retate, ■» * - 

coupling occurs between the tirst ^ ^ _^ ^ 

enheatleastapomonofthebeamofUghtvanesasafunetronof 



machine. 



, ftheoresentrnventionrdatestoasystemforsensingvibrattonof 
T l rl.nsa.earnon.^rneans.rsp.HUnsthe^of 
a maehine, includmg: means for fcectmg ta 

"--•trie"— ,,— * 
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conjunction with the drawings. 

Kg , .ascnen^cinustrationotaninte^AC ntotor and optical s ens,n g 
^.naccordancewthoneparttcuiaraspectofthepresentinvennon; 

miniraallight in accordance with the present invention; 

Fig 2disaschematicdiagramotadetec,oro U , P ^...^---- 

^t=r= — — . 

minimumlightinaecordancewiththepresentinvention; 

F i g ., 1 sase h e m at 1 cdia g ra m ofade,ectoro„tputvo 1 ta g ea, I nax, mra nh g ht I n 

, :o, nrpcpnt invention; 



20 



Fig. 2k is a schematic magi 
dance with the preser 
Fig. 21 is a schemal 
with the present invention 



K^aisaschematicdiagramofacanUieveredobstn.ctionmodulatorin 

accordance with the present invention; 

obstruct.onnrodniatorinaccordance with the present invennon; 
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Figs. 3c and 3d are diagrams of a detector front when movement occurs in a 
cantilsvsr ed obstruction modulator in accordance with the present invention; 

Fig. 4a is a schematic diagram of a suspended portal modulator in accordance 
with the present invention; 

r j A-^t „,i,pn nn movement occurs in a suspended 
Fig. 4b is a diagram oi a ucic^iui — — 

portal modulator in accordance with the present invention; 

Figs. 4c and 4d are diagrams of a detector front when movement occurs m a 
suspended portal modulator in accordance with the present invention; 

Fig. 4e is a schematic diagram of a suspended portal modulator in a series 
configured system in accordance with the present invention; 

" Fig. 4f is a schematic diagram of a suspended portal modulator in a system with a 
a light directing member in accordance with the present invention; 

Fig. 4g is a schematic diagram of a suspended portal modulator cantilever* to a 
housing in accordance with the present invention; 

Fig. 5 is a schematic block diagram of a signal processing system in accordance 

with the present invention; 

Fig. 6a is a schematic block diagram of a waveguide system illustrating 
evanescent coupling in accordance with the present invention; 

Fig. 6b is a schematic block diagram of a waveguide system illustrating minimal 
evanescent coupling in accordance with the present invention; 

Fig. 7a is a schematic block diagram of a multi-axis waveguide system employing 
multiple light sources in accordance with the present invention; 



accordance with the present invention; 
2 . Hg ?c is a schematlc b!ock diagram of a multi-axis waveguide system employing 

a single light source in accordance with the present invention; 

Fig. 8 is a schematic block diagram of an optical sensing system employing an 
optical lateral resonator in accordance with the present invention; 

Fig. 9 is a flow diagram method for a light modulating system in accordance with 
30 the present invention; 
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Fig . 10 is a flow dragram method for an optical wavegu.de system in accordance 

with ihc present invention. 

DetmledDescne^ 

Thepresent invention will now be described whh reference to the drawmgs, 

, , c~ .„ i;v P ^merits throughout. 

5 wherein like reference numerals are useu iu - — - 

Refernng initially to Frg. 1 , one specific environment in which the present 
m vent,onmaybeemployedts shown. Specifically, an optica, sensing system 10 rs 
shown whrchiscoupledtoamotor 28. The motor 28 is depicted dnvtng a load 32 
thro ughashaft coupling 34. The motor 28 is bu, one example ofavibratmg structure 
10 wherebytheopticalsensrngsystemslOofthepresentmventionmaybeemployedto 

gathe rvibrationda,a. Ifs tobe appreciated that the load 32 may be sensed forvrbratron 
although not shown m Fig. 1. ^ 
The optica, sensing system 10 produces a signal whtch represents a mouuuu* 
hght signa,. The hghtsigna. is modulated from vibrattona. movements of the motor 28. 
15 TheligMsignalmaybemodulatedwithoutplacinglightsourcesorophcaldeteetors 

within the motor 28. Thus, wiring expenses and maintenance costs maybe mmmuzed. 
Altematively.theoptical sensing system maybe located rnterna. to the motor 28such as 

inside the motor end bracket adjacentto the motor heanng (often a source of cntrcal 
mo torvibration). Consequently, on.y a fiber optic cab.e ts mstaUed and no signa. 
degradationwiUoceurregardlessofthedegreeofe.ectricainorsemsidethemotor. 

A,thoughasmg.eoptica,sensrn g sys«emlOisshown,prefe ra b,ymu,tip,eo P t,ca.sensm^ 
^.Oareemn.oyed to detect muhip.e axes of vibration The optical sensing system 

1U may oe pm^u m a F ^-" V — 

28 uistobeappreciatedthataplurahtyoftheopticalsensingsystemslOmaybe 
„ em P .oyeddependingontheneedformoreor.essv,bra„o„dat, ,t is further to be 

.nemotor 28. In the preferred embodiment shown in Frg. 1 , the optica, sensing system.O 
is ,„ca.ed internal to themotor 28. Finally, multiple optica, sensing systems may be 
em p,oyedmafron t end and rear end bracket (no, shown) adjacent ,o the outer race (no, 
30 shown) of the motor 28 bearings. 
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For example, a comprehend vibration analysis of a motor may require five or 
mGrc axl5 /iocations for acceleration data. The axis/locations may include X and Y 
Orthogonal) radial directions at one end of the motor, X and Y (orthogonal) radical 
directions at the other end of the motor, an axial (parallel to the shaft) direction, and 



,i . .i ....t;™ nionp amnne others. 

possible angular direction parallel 10 -i—i r - 

Operatively coupled to the optical sensing system 10 is a signal processing system 
24 for receiving a vibration signal. The signal processing system 24 may compute, 
display analyze, store, trend, and transmit vibration data to an operator or other 
intelligent system for analysis. In the preferred embodiment, the signal processing system 
24 is local to the motor 28. However, the signal processing system 24 may be located 
remote to the motor 28. When the signal processing system 24 is located remote from the 
motor 28 it is beneficial to route the optical fibers that transmit optical signals m ex.sting 
power trays adjacent* high power*igh frequency cables. Unlike conventual electnea. 
systems, there is no danger in corrupting the optical signals. In a remote system, the 
detector 60 may be located remote and integral to the signal processing system 24. 
Preferably, the signal processmg system 24 is coupled to a display 22 for viewmg 
vibration data to diagnose and analyze the motor 28. The signal processing system 24 
may also be coupled to aremote system 23. The remote system 23 maybe used for 
gathering and processmg vrbration data from a plurality of signal processmg systems and 
optical sensing systems associated with a plurality of vibrating machines, respectively. 
The remote system 23 may analyze the vibration to determine faults or impending faults 
of the motor 28 (bearings, loose mounting, out-of-balance, „ut-of-alignment) or the 



signal processing system 24. Similarly, the stgna! processing system with or without the 
remote system or display may be integral with the optical sensing system 10 and located 
internal to the motor 28. 

Referring to Fig. 2a, an optical sensing system 40 ,s shown with a light source 50 
projecting to a light modulating system 52. The output of the light modulating system 52 
is received by a detector 60. The light source 50 which includes a power source (not 
shown), may be any suitable light source (e.g., lasers, LED's, bulbs, laser diodes, etc.) to 
-10- 
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produce light for carrying out the present invention. The detector 60 includes optically 
sensitive material which produces an electrical signal proportional to the amplitude and 
frequency of light received and maybe a single detector, a linear detector, or an array. 
For example, if the detector 60 receives a large amount of light, the detector 60 will 
produce an electncal signal which is large in magnitude. Conversely, the detector 60 will 
produce an electrical s.gnal with small magnitude when less light is received. Thus, the 
detector 60 produces an amplitude modulated electrical signal based on a vanable 
amplitude optical signal. 

fig. 2a, depicts a light modulating system (LMS) 52 without vibration. Since no 
vibration is occurring, the detector 60 receives a minimum light signal . Minimum light is 
graphically depicted as a dashed line from the LMS 52 to the detector 60. As the LMS 

. r..:u„^™ v+ in Fio 2b. and Y- in Fig. 2c, a greater 
moves oecauscui viuiauvn, ^»^"" « ^ 

amount of light reaches the detector 60 and an electrical signal proportional to the 
movement (e.g., larger magnitude signal) is produced by the detector 60. A maximum 
light signal is depicted as a bold line from the LMS 52 to the detector 60 in Figs. 2b and 
2c. As the frequency of movement of the LMS 52 increases, the frequency of the 
electrical signal produced at the detector 60 will increase. Therefore, the LMS 52 will 
cause a signal to be produced at the detector 60 proportional to the magnitude and 
frequency of vibration. 

Referring to Figs. 2d through 2f, the voltage output from detector 60 may be 
observed with respect to time. Fig. 2d illustrates a minimum voltage signal 60d produced 
when no movement of the LMS 52 occurs as in Fig. 2a. Fig. 2e illustrates a maximum 



It is noted that voltage 60e contains the fundamental frequency component of light source 
50. Fig. 2f depicts the detector 60 voltage output 60f when the LMS 52 is subject to 
vibrational movement. As shown by voltage 60f, the fundamental frequency of light 
source 50 is modulated by movement of the LMS 52. 

Referring now to Fig. 2g, another embodiment of a light modulating system 52a is 
shown which produces maximum light when no movement of the (LMS) 52a occurs. 



- 11 - 
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, figs. 2h and 2i depict minimum light detected when movement of the LMS 



Conversely. 

:„ \ t j- V. Hirp.rtion. 
Dza uauis '■■ 1 • - 



Refemng«oFigs.2jthrou g h21,,he voltage outpucfiom the detector 60 maybe 
observed wrth respect to time. Fig. 2j illustrates a —m voltage signal 6O3 that ,s 

„ . T w „ r „ .0 n, in Ro 7p Fie. 2k illustrates a 

produced when no movement ot me Livia ^ u^iu* « *■ -a- ~ 

nummum voltage s,gnal60 k that,s produced when movement of the LMS 52a occurs as 

in fig/s 2h and 2i. It .s noted that voltage 60j contams the fundamental frequency 
c „ m pone„tof,ightsource50. F ig.21dep 1 c,s,hede,ector60voltageoutput601 W hen,he 

LMS52a ,s subject ,0 v.brational movement. As shown by vo.tage 601, the fundamental 
frequency of light source 50 is modulated by movement of the LMS 52a. 

Refers now t0 Fig. 3a, a preferred embodiment of alight modulating system 
(LM S) 52 is shown. LMS 53 has a housing 53a- * a front opening 53b forrecovmg 
hgh.froma.ightsource 50 and an opposite opening53c for passmg light to a detector 60. 
Thelightentenngopen,n g 53bisobstructedbya„obstructionmodula,or53dwh,ch 1 s 

coupled ,ohousing53abyacanti.evered support arm53e. When no movement of LMS 
53 occurs, the obstruction modulator 53d substantially prevents light from reaching a 
d etec,orface63. The obstruction modulator 53d maybe constructed of a plurahty of 
hgh, obstructing materials such as metal, wood, orplashc. his to be appreciated that any 
materialcapableofpreventingasubstantialportionoflightfromreachingdetectoreo 

whennomovementofLMS 53 occurs, may be used as the obstruction modulator 53d. It 
is also to be appreciated that obstruction modu.a,or53dmaybeapluraHtyofsha P es such 

..™™„,. maneular.rectangular.ovular.etcThepreferred embodiment emp.oysa 

circular snapc. 

I, should also be appreciated that the cantilever support arm could be extended to 
„ th eo«her, 1 „uminateds,de)oftheobs,™c.iondis k 53d.S,milarlyo,herdesignssuchas 
emp 1 o y ingmu.,iplesu P porta ml s.ocatedc 1 rcumfere„tiallyaroundthehousin g 53amay 

be employed. 

ByobservingFig, 3b through 3d, the functions of LMS 53 may be illustrated. 
F ig.3bdepictsde,ec,„rface63whe„nomoveme„tofLMS53occur,Asde P1 c,edbya 
30 shadedreg,on63b,ligh,isobs.™ctedby.heob,ruc,ionmodu,ator53d.Thevol,age 



99RE067 



20 



25 



output from detector 60 correcting to Fig. 3b is shown in Fig. 2d. As movement occurs 
B illustrated in Figs. 3c and 3d, more light reaches detector front 



in tne i + or 



may 

10 may 



in inv i ■ 

63 correlating to the voltage shown in Fig. 2e. When vtbrational movement of LMS 
begins a. a given frequency, a modulated voltage output from the detector 60 ,s shown ,n 

... ..... .. wn„»inBio If is filtered to 

Fig 2f. As will be described in more uetan ouow, u.v. , u ..«s- =■ - ■- 

remove the l.ght frequency component thereby leaving the vibration frequency 
component. It is to be appreciated that a plurality of dtrections may be detected, for 
example, movement in the X + or X- direction. It is noted that axis vibration directions 
be limited to a particular direction. For example, the cantilevered support arm 53e 
be stiffened horizontally or vertically to prevent vibration in the X or Y axis. 
LMS 53 illustrates how costs may be reduced in an optical system. Light source 
50 and detector 60 may be ,oea,ed externally to a structure thereby eHminat.ng internal 
wiring and maintenance expenses. More importantly, the obstruction modulator 53d and 
housing 53a may be naturally occurring obstructions and openings in a machine or 
structure thereby eliminating additional sensing elements. 

Turning to Fig. 4a, another embodiment of a low cost light modulating system 
(LMS) 54 is illustrated. LMS 54 has a housing 54a with a front opening 54b for 
receiving Ugh. from a light source 50 and an opposite opening 54c for passing Ugh. to a 
detector 60. The light entering opening 54b is passed through a suspended portal 
modulator 54dhavingan opening 54e and secured to housing54a. When no movement 
of LMS 54 occurs, the suspended portal modulator 54d substantially allows light to reach 
. A^r face 64. The suspended portal modulator 54d maybe constructed of aplurahty 

OtllgntODSiruwmgiaaiwiu. — 

anymatenalcapableofpreventingasubstantialportionoflightfrom reaching detector 60 
when movement of LMS 54 occurs, may be used as the suspended portal modulator 54d. 

, s also to be appreciated that opening 54e in the suspended portal modulator 54d may 
be a plurality of shapes such as circular, triangular, rectangular, ovular, etc. The preferred 
embodiment employs a circular shape. It ,s to be appreciated that a lens (no, shown) may 
be inserted in the center of the portal modular 54d. 
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By observ i ngF 1 gs.4bthrou g h4d > thefu„ctionsofLMS54 m aybemustrated. 

_ .,. J ^r^64wbennomovernentofLMS54occurs. As illustrated 

bynon-shadedregion 64b, light is passed by the suspended porta, modulator 54d. The 
voltageoutputfrom detector 60 correlating to F,g. 4b rs shown in F,g. 2j. As movement 
... a„ „„,i ha wlirirt reaches detector 

occurs in the Y+ or Y- direction illustrateo in n B s. - ^ = 

f ace64corre,at ra gto,hevo.ta g cshown 1 „Fi ga .Whe„vibra,,onal m oven 1 entofL^ 

54 begtnsatagivenW.amodulated voltage output from detector 60 ts shown ,n 
Fig .21 Aswillbedescribedmmorede.ai.below.thevoltagetnFig.l.tsfilteredto 
removetheUghtfrequencycomponenttherebyleavingthevibrationfrequency 
component. It istobe appreciated thatapluralrtyofdtrecttons may be detected, for 

example, movement in the X+ or X- direction. 

L MS 54 like LMS 53, illustrates how costs may be reduced in an optical system. 
UghtsourceSOanddetectoreOmaybdocatedextemallytoastructurethereby 

ebminatinginterna. winng and maintenance expenses. More importantly, the suspended 

por«a.modu,a«or54dandhous 1 ng54amaybenatura.l y occurnngobst ra e.ionsand 

opemngsinamachineorstructuretherebyeliminatingaddnionalsensingelements. 

Referring nowto Fig. 4e, a low cost multtp.e ax.s and/or multi-.oeation vibrafon 
detectionsystemS^isiUustratedemployrngasingle light source 50 andadetector 60. 
In system 54h, an LMS 54f and 54g are shown in a series configuration between the light 
sourc e50 ^detector 60. It is to be appreciated that a plurality of hght modulating 
systemsmaybeemployedinasenesconfiguration. ,fv,brat,on were detected in either 
, M , «f « 54 B . a modulated light signal would be detected by the detector 60. I. is 
noted mat i^ivio jhi aim -,-t & — , - 

examp.e,as,ng,eopt,cal fiber may couple hght from the Hght source 50 to a plurality of 
bghtmodulatingsystems indifferent locations and d.rections. Severa. apphcations may 
benefit from low cost, senes configured light modulatmg systems. The applications 
includesmar, materia! applications and motor applications whereby a plurality of hght 
modulating systems are embedded in stator windings. 

The system 54h, described above, indicates vibration somewhere m the scnes 
configured system, however, location and direction information from a particular LMS 

-14- 
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. ... ,....,;„u m ^„l a tm(» s vstememployedinsenesmaybe 

Consequently, a composite frequency would be rece.veu u, ^ - ■ 

the mechanical resonant frequency. 

R e f e m n 2 ,oF,,4 f ,asyst em 54iisiHustra,edw te e b ytne., ght sou t ce 5 0andtc 

theLMS 54. Ahght dating member 64 g ,hav,„g an an«i-reflec„ve surface 64handa 

det cc«o r 60whereby.hemodu 1 a«ed. 1 ght 1 srece,ved. The light directing member 4g 

to beapprec 1 ated,ha«theLMS53s h owninFi,3maybeem P ,oyedfort h eLMS54 1 n 

^Refernng to briefly to Fig. 4 g , another embodiment of aught modulating system 
54iss h own.Asu SP ended P ortalmodulator54d'iscoup.ed,oahous 1 ng54av 1 aa 
...^ ,™ 54e'. The suspended portal modulator 54d' functions as m the 

system shown m ng. w wiu majr - ^ - 

Thecantilevered support arm 54e'provides an alternative coup.in g to attach the 
suspended portal modulator 54d' to the housing 54a. 

R efernn g now,oFig.5,anoptica.se„sin g system.0,sshownopera„ve. y 

ODerationof thesi g nalprocess 1 n g sys,e m2 4,maybecoup,ed«oad,sp,ay^^ 
rem o,esys«em23.Thedisp,a y 22ise m p,yed,oprov 1 dev,b r at,ond 1 agnos ll ca llu ,.. 
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r , nW m(i cvctpms 24. 

from a plurality 01 sigiwi F i W w- u .« 0 — - 

+ o ,„uviin thp sisnai processing, 

CP U 64canbean y ofap 1 ura„t y ofproces S or S ,suchast h ep24T,Pe„t,u m 50/75 
Pe„«iu m 60/90, andPe„au m 66, 1 00,Pentiu m PROa„dPe„ tl u m 2,an d o te s ira ara„a 

10 .^outfUnctionsrdat.B.o.hepresennnvem.onwUlbereadilyapparenttothose 

having ordmary skill in the ar, based on the description provtded heretn. 

Am e m ory67« 1 ed.otKeproeessor64isalso,ncl B ded,,he S igna.pro C ess,„g 

syst e m 24a n dservestos t o re p r o gr an 1 codee X ee,edb y ,he P „64fo r ca tI ,n g ^ 
in forma t iontobepresented.o« 

Accordmgtoapreferredembodrrnent, the memory67has sufficient capacty to store 

22 toshowavanetyof effects conducive for qurckly conve« vrbratron and Cher 
:^ mn to a user. The signal processing system 24 may also output a 
digital output ot raw uma miu^ « - 

sys tem24ma y outpu, alarm notifications. Mso, the signal processing system 4and 
25 processorMmayprocesssampleddatafromrnultiplesensingsystemsiOcmplo.ng 

standard techniques such as multt-channe, input or multiplexing techn.ques. 

The memory 67 includes read only memory (ROM) and random access memory 

whichcontrolsbasichardwareoperationsofthcstgnalprocessingsystemz. r„^. 
3 0 hftoB * mi *^^«P^^-^^" fc ^ 
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p.femn, briefly to Fifr's 2f and 21, modulated light frequency is depicted. The 
« frecuencv of vibration. To retrieve the vibration frequency, a 

Iliuuuiamm nv\i"w..-_, 

,„w pass filter (no. shown in Fig. 5) is employed to remove the light frequency. The 
preferred cmbod.ment employs digital signal processing techniques that are well known 

. . • . „ Inw nass filteniiK technique 

in the art. In Fig. 5, the signal processing »y»*.... — f»v- 

t0 retrieve the vibration frequency. The filtering techniques may include Z-transform or 
discrete transform digital filtering. Altemative.y, the detector 60, may incorporate a 
suitable low pass filter inherent in its operation. 

Now referring to another embodiment depicted in Fig. 6a, a system 80 for 
obtainine optical vibration data ,s illustrated. In the preferred embodiment shown in F,g. 
6a a waveguide 82a and a waveguide 83a arc employed to sense optical vibration data. 
As exp.ained in more detail below, waveguides 82a and 83, couple vibration data over a 
separation distance (D) 88 and coupling length (L) 89, in an evanescent coupling region 
84 The waveguide separation distance 88, coupling length 89 of close waveguide 
proximity, and wavelength, X are critical parameters affecting the coupling efficiency. 
Coupling efficiency determine, the quantity of light transferred. As coupling efficiency 
increases, the quantity of light transferred increases. The system 80 does notrequtre an 
external vibration sensor to modulate Ught in waveguide 82, More particularly, system 
80 obtains optical vibration data directly from waveguide 82a by employing a variable 
separation distance 88 between the waveguides 82a and 83a thereby eliminating an 

external vibration sensor. 

Optical vibration data is coupled to a stationary waveguide 82a as Ught propagates 



suitably and substantially close to the waveguide 83a, light from the waveguide 83a will 
evanescently couple or transfer to the waveguide 82a along the coupling length 89. As 
distances between the waveguides 82a and 83a increase or decrease, evanescent coupling 
energy increases or decreases because coupling efficiency is critically dependent on the 
separation distance 88. With greater coup.ing efficiency, more light will transfer from the 
waveguide 83a to the waveguide 82a. In particular, system 80 functions as a directional 
coup.er whereby the coupling efficiency ,s modulated by the lateral movement of the 
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vibrating — 85. It is to be appreciated hoover, .hat evanescent coupling 

. ^..^ ; ^h,tw,enthewaveguide S 82aand83acontinueto 
efficiency may decrease u m>. — 

evanescentcouplingdecreases causing less hghtto transfer. When vibration causesthe 

^ +v,^ ctotmnarv waveiiuiue 

waveguide 83a to move smaller and larger distances le.auv, „ u -~, - 

82amoreorlessl,gh«w,Uevanescentlycoup.ebecausedi S ,ancesbet,cen.he 

, igh ,i„,ensityismodu.ated in the stationary waveguide 82a as vibration causes the 
wa veguides 82a and 83a were to vibrate with respect to the coupHng length 89,,igh, 

intensity may also be modulated. ,„„u a , f 

■ j o">„ ™j sic orf positioned one nan 
In the preferred embodiment, the wavegu.ucs o,« «... 
thedistancebetweenmaximumcouplingandminimumcouphngdeterminedattne 

d etec,or 60. For example, the waveguide 82a is positioned to a smaller dtstance toward 
tne waveguide 83a unti, a maximum signal isdetected at the detector 60. Subsequently, 

atth edetector60. Before vibration sensing begins, the waveguide 82a ,s positioned one 
ha ,f,he distance between maximum and minimum coupling allowingful! peak to peak 

detection of the vibration signal. 

As illustrated in Fig. 6a, waveguide 82a is stationary positioned relative to 

„. which is secured to a vibrating structure 85. Waveguide 83a is shown 

affixed to a stationary oujc^.ov, - 

techmcuesmaybe employed to position wavegu.de 82a relative to waveguide By 
positioning waveguides 82a and 83a in substantially dose proximity, shown as D 88, 



e 83a to 



30 



nosiuuiiuig w«vw a 

evane S centcouplingoceurs,nre g ion84whichenables,i g ht fr omwave g u,de S 
tr ansfer,o wavegu,de82, As shown, a light source 50, preferably a laser, proves l^ght 
too a firs, end 83b of waveguide 83a which exits a second end 83c. When wavegu.de 
8 2ais P ositionedsub S tan,ia,lycloseenough«owave g u,de83a,evanescentcoupl 1 ng 
occurs ,„reg i on84wherebylightw,„travelto,heend82cofwaveguide82,Adetector 
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60 coupled toasccond end 82c ofwaveg.de 82a recedes Ught evanescently coupled 

. _ ^._^n rt ,.^tvn1t a p e is illustrated in Fig. 2j when maximum 
from region 84. incuci^«v-r 

substantially reduced as needed ,o prov.de higher vibranon sensing capab,.,,. 

v.„ + „„*;niivcpnarated. snown 

Referring to Fig. 6b, waveguides 82a ana w a,e »— ; 

asDSSawherebynumnra, evanescent couphng occurs and detector 60 recervesnnnunal 

llgh « Thus.byvary.ngtheseparat.on distance, ,igh, intensrty is amphtude nrodulated at 

evanescent coupling occurs and Fig. 2, when vibration occurs. By positing wavegu.de 

82 ai„af,xed position re.a.ive.o the variable posmon of waveguide 83a, moreorless 

Hghtwill be coupled when vibration causes waveguide 83a to move sma.ler and .arger 

distances D 88 and D 88a. It is noted that wires ate not required to communicate the 

vibration data from waveguides 82a and 83, Therefore, iower maintenance and 

installation costs maybe realized since wires are not required in.erna»y or externally on 

.hemachineorstructure. .., further noted, tha, a plurality of waveguides as shown ,n 

Fig 6a may be positioned to sense vibration along a plurahty of axis. 

Nowrefernn g «oFi g .7a,amult,dimens 1 onalvibra.,onsystem90employ.nga 

sing ,e evanescent couphng region 96 ,s illustrated. System 90 is advantageous because 
multi p le axisofvibrat.onda,a m ay be obtained fromasingle location thereby reducng 
,he amount of space required to employ multiple sensing systems. 

System 90, employs a waveguide 92 stationary positioned relative to a 

, oa mA 95 which sense a plurality of vibrational directions. It is to be 



appreciated that more or icss waw, 5 »— 
embodiment shown inF.g. 7, A detector 60 is coupled to a second end 92bof 
waveguide 92. Each waveguide 93, 94, and 95 will couple more or less light to 
wavegu.de92inevanescen,reg,on96hasedonvibrat.onoftherespec,,ewavcgu,desas 

explained above in system 80 shown if Fig. 6a. 

As shown in Fig. 7a, light sources 50a, 50b, and 50c are coupled to a front end 
93 a 94a and95aofwaveguides93,94,and95. is noted that each light source 50a, 
50 b ' 5 Oc,usesadifferen,wave,engthof.ight.Forexample600nm,580nm,and 560n J n 



-19- 



99RE067 



20 



95 



30 



lasers , respectlvely .Whencouplmgoc^ 

^ ^..n^,.^;,oifr P nnnncies are produced at detector 60 because 
waveguiuc 7z., niuinpiv VK -i 

evanescent coupling occurs from waveguides 93,94,and 95. Thus, the detector 60 w,l> 
receive a composite amplitude modmated signai composed of various optica, frequencies. 

. i:~A „( iViAHplprtor 60 outtml ill 

Therefore, filter techniques well known m me mi aic w"-" » 

ordertod.stmguish which axis frequency is received Forexample, wavelength divts.on 
multiplexing (WDM) networks may be readily employed in system 90. 

As illustrated in Fig. 7b, a composite waveform 97 is received by the signal 
process,ngsys«e m 24anda PP licdtoabandpassfi.ter99. 1. ,s to be appreciated, that 
hardware bandpass filtering techniques maybe emp.oyed to extract the 600nm, 580nm, 
and 560nm light frequencies 99a, 99b, and 99c, for example. However, the preferred 

is implemented by the signal processing system 24 shown in Fig. 5. After the ax,s 
frequences 99a, 99b, and 99c are extracted, low pass filtering as described above ,s 
employed to extract vibration frequencies from the axis frequencies. 

Alternately, optical wavelength filtering (not shown) may be employed in the 
detector 60. For example, electro-optic materia, such as L.th.um Niobate (LiNbO;) may 
be employed which changes the index of refraction as a fenction of applied voltage. As 
the applied voltage ,s changed to the detector 60by the signal processing system 24, the 
particular optical frequency of interest would be included in the detector 60 output 
whereas other optical frequencies would be excluded. 

A, shown in Fig. 7c, a system 100 is illustrated which employs a single light 

source 3u. apcuuwp«» 1 

Ulustrated in Fig 7a. System 100 produces multiple optical frequencies in wavegtude 92 
bv employing resonant mechanical couplings 93c, 94c, and 95c, to couple wavegu.de, 93, 
94 and 95 to a vibrating structure (not shown). 

The resonant mechanical couplings 93c, 94c, and 95c have different mechanical 
resonant frequences of vibration. Therefore, when waveguide 93 for example, is coupled 
via resonant mechamcal coupling 93c, the frequency of vibration ofwavegu.de 93, , 
combined with the frequency of the resonant mechanical coupling 93c. Smce each 
-20- 
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,n „u«„^ in v\o 7b is uroduced by the detector 60. lhe 
a composite trequency v , — - - c . 

c 0 u„Hn E s93 C ,94o, a nd95c,with<i 1 ssi m ilar ft e q ueno y — s.A.,e m at,vely, 

couplings .. .„, „„. ..jo^wini. different spring 
m echamcalspringsmaybeemployedw,theacn,oc,^,«.. - 

Mo.here^odimen.foranopticaUensings^isil.ustra.ed.nF.g.S.An 
ephcal.ateralreson^ 

mechanical failures. ( . llf)i . 

TumingnowtoF.g.S.asohe^Miagramofanin.erfe—sy^nO.s 

LL, m ^„n, i caUa t e ral reso„,o r .20hasa m ir r oredsu rf ace 1 22forreflec*,n g 
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light to the mterteromeiuu 

resonator 1 20. When the mirrored surface 1 22 deflects, the optical path m th,s 
^nrissionpathisehangediniengthinaecordancewrththevihratronorlatera, 

displacement of the reflective structure. 

One specific aspect of the present invention employs a Michelson-type 

interfaora e,er,^ 

sou rce,42issp,i.intohv„heams,oneo f whiehea„hereferred t oasarefereneeh g h, 
-21- 
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1,6 „u„f« A^andisusedasthebeam ^htter. 

disposed in the beam pain i u a. - 

»We t hece m e„ l edsu rf acebein g a,scdis P osedi„thebea m patha,a45 angle. 

, When ,he beam 152 from the light sou.ce 142 (e.,, ^ -hes the >eam 

sp H,,er,60>ebea mI s SP h, 1 n,othe re fe 1 e„cebeam 15 4and«bemea,unn g beam 1 56^ 

sputter iou, ,„ wW n is reflected back toward 

The reference beam 1 54 is reflected toward mrrror 162 where it 

throue hthebeamsph tt er,60andmovestowardfocus,e„s,64 Thefocusl ns 64 

10 focusesthen— gbeam 156 at the mirrored surface ,22 of the opttca, la^ 

r esonatorl20.I.is.obeappreciatedtbatthe 1 ens,64wiHnotusuan yb eneeded. 

resonaior iz. ^ ^ 1 ^ ^ tr3Vf ,, s back towar d 

^^asuringbeamisersreneetedotfthemtrroreusuu^.^^- 

L.coLnedb.thebeamsplitter.^toforman.nterferencebeam.Swhrch.s 

15 dire cted toward optical detector 170. 

Depending on the phasing of the two beams 154, 156 wrth respect to 

20 i„,erference),acompletelyda*frin g eresults. When the two beams! 54, 156 rem 
20 ^abn btMngeresuhs. The light being preferably of laser form is a stan mgw, 
. . . H a * ftinee that results as the interference beam 154 ,s cycled 
through detector 170 correspond u, > — 6 - - - 

mirrored surface 122 of 1/2X (i.e., Vi the wavelength of the light source ^ , 

surf ace.22 increases or decreases causmg changes tn the fnnge intens„y. Thus, by 
nronitonngperiodrcchangestnthefnngcvrbrationdatamaybeextracted. 

Bvcoun,in g changesm,henumberofdarUnngesovertime,,hemcreasea„d 

30 vibration)canbedetemrinedwith g reatprecis, 0 nsincethereferen C ebeam.54,s 
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• ♦ .if the reference beam is from a laser diode 

aeieiunii^ - — o- ^ ^ „^ic(=> vihrauoimi 

m „vemen,smaybedetec,ed the „ 170 is an analog signa! which is input to 
The electric signal output by the detector i 

nulse counter 130. Each dark fringe appears as a zero ( 0 ^ through the detector 
Ea chdar kto getha,resul,sasthein,er f erencehea ml o 0:: ^ 
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. n U tput is detected when 
.^eO.posU.nedsuchthat — 

whereoy t»- oro ceeds to step 

m „ im a— occn, ^ begin , ..ep^e—en,, 

. i ic rhosen. it' sw " " . j„ ctpn 

samplepenodotaaou Thc method proceed ^-r 

P^*^"^ ^ optlcal slgn a, ,s P— b y 

. . ,r.i..« m nleoenodhasnoi6iiu ,,.„„j«ithe 
period has ended, n - ■ hg safflple penou u~ 

m ethodproceedsto step 280. M . ^ sample penod . The 



At step 



lingl o s.ep2>U,u— - " de 83 a and proceeds to step - 

centrahylocatedbetweenntaxtn 

vlbr aUo„occurs. The.ethodthenproceeds.es p 



-24- 



99RE067 



• t„ th* nreferred embodiment, a 

, t ; rt n camnie oe^m^ " — i( ^.^tpd 

250b ana a - . _ m ^ method conV erts « 

the waveguides 82a and 83a. Proceed 

pro ceeds.o step 270. At step 270, the ds back t0 step 250b 

. . T iK^tion samples are acqmred.lt *e samp P .... .^hy 

WhereDyl1 " m Mst ep280,themethoddeterm,nesv, D rauu, 1 „.a 6 .,..- . 
"™ , ' ,. tul , eofthevi bra.ions 1 gnaloverthesam P1 epe 1 . w 

lnve „t,o, Uis.ofcourse.notposs.bleto inventio „, but one 

^^a^ons.^o.sana^^ 

scope ofthe appended claims. 
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